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Presentation Outline 

Goal:  To highlight several LIINES’ capabilities & insights relevant to the 
transactive energy challenge 
 
§  Capabilities 

-  Power Grid Enterprise Control Simulator 

-  Resilient Smart Grid Simulator 

-  Multi-agent smart grid control platform 

§  Insights 

-  Cost optimality does not guarantee system stability 

-  System stability does not guarantee cost optimality 

-  Negotiated equilibria does not guarantee cost optimality 

-  Distributed decision making does not guarantee resilience 

-  Switching decisions require real-time control to guarantee transient stability 
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Need for Power Grid Enterprise Control 

∴  Primary,	
  Secondary	
  &	
  Ter1ary	
  Control	
  are	
  increasingly	
  intertwined	
  

Multiple time scales addressed by separate power 
system control layers 

•  Primary control à AGC, AVR 
•  Secondary control à operations control center including 

manual actions 
•  Tertiary control à energy markets 

…However, 
•  Renewable energy integration introduces dynamics at all 

time scales 
•  FERC has changed frequency requirements on real time 

markets from 1hr to 15 minutes. PJM-ISO uses 5 
minutes 

•  German TSO 50Hz finds manual operators are making 
more frequent adjustments (especially curtailment) 

•  Grid scale storage & smart building move transients into 
slower time scales 
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Power Grid Enterprise Control Simulator 

∴  Reconfigurable	
   mul1-­‐layered	
   mul1-­‐1me	
   horizon	
   control,	
   automa1on,	
   &	
  
op1miza1on	
  system	
  for	
  holis1c	
  power	
  system	
  analysis	
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Resilient Smart Grid Simulator 

∴  Fully	
  object-­‐oriented	
  to	
  support	
  reconfigurable	
  &	
  resilient	
  opera1on	
  on	
  the	
  fly!	
  

3 System Form

This section discusses the form of the code. In order to create an overview of the di↵erent
classes used in the code, an overview is provided in Figure ??. The main class is PowerGrid.
This class contains many di↵erent functions, which are focussed on the reconfiguration of the
power grid.

The physical power grid contains two main types of parts. These are Power Nodes and
Branches. In conventional power grids, the power nodes are only controlled generators (genC),
stochastic loads (loadS), and busses (bus). However, since this code addresses the future de-
velopment of the power grid, stochastic generation (genS), controlled load (loadC), and storage
(storageC and storageS) have to be taken into consideration as well.

The class Utilities contains functions that are not yet stored in the classes where they be-
long. It also contains multiple functions that are not used. Between the brackets is indicated
wether the operation is used and by which part of the code.

Figure 1: Class Diagram for the code.
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Resilient Smart Grid Simulator 

∴  A	
  transient	
  stability	
  example.	
  	
  Supports	
  customized	
  models.	
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Developed Multi-Agent System Transient Stability Platform  

§  Mul,-­‐agent	
  layer	
  
§  Developed	
  in	
  JAVA-­‐JADE	
  

§  Power	
  system	
  layer	
  
§  Developed	
  in	
  MATLAB	
  

§  Each	
  physical	
  component	
  has	
  its	
  
virtual	
  representa,on	
  in	
  mul,-­‐
agent	
  layer	
  

§  JAVA-­‐MATLAB	
  interface	
  enables	
  
communica,on	
  in	
  both	
  ways	
  

∴  Shows	
  impact	
  of	
  cyber-­‐agent	
  nego1a1on	
  on	
  physical	
  power	
  grid!	
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Developed Multi-Agent System Transient Stability Platform  

Mul1-­‐agent	
  layer	
  
§  MAS	
  allows	
  semi-­‐autonomous	
  decision-­‐

making	
  
§  JAVA-­‐JADE	
  describes	
  parallel	
  decision-­‐

making	
  of	
  each	
  agent	
  as	
  mul,-­‐thread	
  
language	
  

Power	
  system	
  layer	
  
§  Time	
  domain	
  simula,on	
  of	
  power	
  system	
  

transient	
  stability	
  
§  MATLAB	
  solves	
  Differen,al	
  Equa,ons	
  fast	
  

and	
  accurately	
  

∴  Shows	
  impact	
  of	
  cyber-­‐agent	
  nego1a1on	
  on	
  physical	
  power	
  grid!	
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Presentation Outline 

Goal:  To highlight several LIINES’ capabilities & insights relevant to the 
transactive energy challenge 
 
§  Capabilities 

-  Power Grid Enterprise Control Simulator 

-  Resilient Smart Grid Simulator 

-  Multi-agent smart grid control platform 

§  Insights 

-  Cost optimality does not guarantee system stability 

-  System stability does not guarantee cost optimality 

-  Negotiated equilibria does not guarantee cost optimality 

-  Distributed decision making does not guarantee resilience 

-  Switching decisions require real-time control to guarantee transient stability 
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§  For the classical method, the regulation goes to saturation quickly and the 
imbalance starts to accumulate. 

§  The presence of the 𝑮𝒕 term alone periodically resets the utilized regulation and 
allows partial mitigation of the imbalance. However, the residual imbalance 
starts to accumulate. 

Cost optimality does not guaranteee physical system stability 

Role of cross-layer feedback in enterprise 
control demonstrated by a set of 
simulations w/ four variations of the power 
balance constraint: 
§  classical, 
§  classical + 𝐼𝑡, 
§  classical + 𝐺𝑡, 
§  enterprise control.  

∴  The	
   DA	
   &	
   RT	
  markets	
   are	
   cost	
   op1mal	
   but	
   the	
   system	
   can	
   have	
   dras1cally	
  
different	
  stability!	
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Physical system stability does not guarantee cost optimality! 

∴  The	
  same	
  physical	
  performance	
  can	
  be	
  achieved	
  with	
  different	
  combina1ons	
  
of	
  resource	
  with	
  no	
  change	
  in	
  market	
  design.	
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§  Renewable energy resources can exacerbate the load following requirement for 
thermal generation units! 

§  Greater burden on thermal unit control & ramping capability! 
§  Thermal unit capacity utilization & economic rationale will naturally deteriorate! 

Negotiated equilibria do not guarantee cost optimality! 

∴ When	
  mul1ple	
  1me	
  block	
  interac1ons	
  exist	
  or	
  are	
  required	
  from	
  the	
  physical	
  
systems,	
  local	
  informa1on	
  some1mes	
  prevents	
  finding	
  global	
  op1ma	
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Distributed decision-making does not guarantee resilience 

∴  Distribu1on	
  is	
  a	
  necessary	
  but	
  not	
  sufficient	
  condi1on	
  for	
  resilience!	
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bus&agents.&

Model&addresses&all&
power&system&structural&
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2

One&physical&resource&has&
many&function&blocks.&&
Each&function&block&is&
meant&to&be&part&of&a&
larger&control&agent.&&

Each&agent&has&a&physical&
resource.&&Not&all&physical&
resources&have&an&agent.&&

Some&physical&agents&are&
included.&&Some&
centralized&agents&are&
included.&&No&agents&
assigned&to&grid&topology.&&

Some&physical&agents&are&
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resources.&No&agents&are&
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Some&physical&agents&are&
included.&&Some&
centralized&agents&are&
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Some&physical&agents&are&
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centralized&agents&are&
included.&&

1CtoC1&relationship&of&
physcial&agents&to&
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Model&addresses&all&
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Does&not&address&the&
aggregation&of&
generators,&loads,&or&
power&grid&areas.

A&grid&agent&is&included&as&
a&single&entity&rather&than&
an&aggregation&of&
multiple&entities.&&

A&microgrid&manager&
agent&is&included&as&a&
centralized&decisionC
making&entity.&&

Centralized&agents&are&
included&for&centralized&
decisionCmaking.&
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Only&Line&&&substation&
availability.&&
Generation/Consumption&
not&included.&&

All&agents&are&assumed&to&
be&online.&&
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be&online.&&Microgrid&can&
operate&in&gridCconnected&
and&disconnected&modes.

All&agents&are&assumed&to&
be&online.&&

All&agents&are&assumed&to&
be&online.&&

All&agents&except&for&
central&agent&&&grid&agent&
can&be&unavailable.

Only&Line&&&substation&
availability.&&
Generation/Consumption&
not&included.&&

All&agents&can&be&
switched&on/off.&
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Function&block&
interactions&exists&
between&lines&&&
substations&but&not&with&
generation&&&loads.&

Without&agents&assigned&
to&the&topology&agents,&
there&can&be&no&
coordination&between&
energy&and&topology&
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Without&agents&assigned&
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to&the&topology&agents,&
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to&buses,&storage,&RE&and&
dispatchable&loads,&
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are&limited.

Without&agents&assigned&
to&other&physical&
resources,&coordinated&
decisions&are&limited.

Agent&architecture&does&
not&include&interaction&
between&branches,&
buseses&&&energy&
elements.&&

7
No&extraneous&agent&
interactions&have&been&
added.

Supercondensator&
initiates&all&negotiations&
with&other&agents&in&a&
sequential&fashion.&&

Introduction&of&multiple&
centralized&decisionC
making&agents&likely&to&
add&extra&agentCtoCagent&
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relation&but&each&function&
block&is&meant&to&be&an&
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of&a&larger&control&agent.&&
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included.&&Some&
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included.&&Some&
centralized&agents&are&
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included.&&Some&
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included.&&
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included.&&Some&
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resources.
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The&use&of&centralized&
decisionCmaking&causes&
local&information&to&be&
centralized.&

The&use&of&centralized&
decisionCmaking&causes&
local&information&to&be&
centralized.&
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SimPower&Systems&Model&
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grid&implemented&in&
simulink.&

RealCTime&Digital&
Simulator/Power&World&
Simulator&as&physical&
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model&implemented&in&
Matlab.&
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Since&only&one&time&scale&
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degrees&of&freedom.
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Does&not&address&the&
aggregation&of&
generators,&loads,&or&
power&grid&areas.

A&grid&agent&is&included&as&
a&single&entity&rather&than&
an&aggregation&of&
multiple&entities.&&

A&microgrid&manager&
agent&is&included&as&a&
centralized&decisionC
making&entity.&&
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included&for&centralized&
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Without&agents&assigned&
to&the&topology&agents,&
there&can&be&no&
coordination&between&
energy&and&topology&
elements&or&between&
topology&elements.

Without&agents&assigned&
to&the&topology&agents,&
there&can&be&no&
coordination&between&
energy&and&topology&
elements&or&between&
topology&elements.

Without&agents&assigned&
to&the&topology&agents,&
there&can&be&no&
coordination&between&
energy&and&topology&
elements&or&between&
topology&elements.

Without&agents&assigned&
to&buses,&storage,&RE&and&
dispatchable&loads,&
coordination&decisions&
are&limited.

Without&agents&assigned&
to&other&physical&
resources,&coordinated&
decisions&are&limited.

Agent&architecture&does&
not&include&interaction&
between&branches,&
buseses&&&energy&
elements.&&

7
No&extraneous&agent&
interactions&have&been&
added.

Supercondensator&
initiates&all&negotiations&
with&other&agents&in&a&
sequential&fashion.&&

Introduction&of&multiple&
centralized&decisionC
making&agents&likely&to&
add&extra&agentCtoCagent&
communication

Introduction&of&multiple&
centralized&decisionC
making&agents&likely&to&
add&extra&agentCtoCagent&
communication

No&extraneous&agent&
interactions&have&been&
added.

Introduction&of&multiple&
centralized&decisionC
making&agents&likely&to&
add&extra&agentCtoCagent&
communication

Facilitator&acts&as&a&
centralized&agent.&

Introduction&of&
centralized&decisionC
making&agent&likely&to&add&
extra&agentCtoCagent&
communication

8

1Cmany&cyberCphysical&
relation&but&each&function&
block&is&meant&to&be&an&
automation&object&as&part&
of&a&larger&control&agent.&&

Agents&are&assigned&to&
PV,&storage,&and&external&
grid.&No&agents&for&loads,&
lines,&and&substations.&

Some&physical&agents&are&
included.&&Some&
centralized&agents&are&
included.&&No&agents&
assigned&to&grid&topology.&&

Some&physical&agents&are&
included.&&Some&
centralized&agents&are&
included.&&No&agents&
assigned&to&grid&topology.&&

Each&agent&has&a&physical&
resources.&No&agents&are&
assigned&to&grid&topology.

Some&physical&agents&are&
included.&&Some&
centralized&agents&are&
included.&&

Some&physical&agents&are&
included.&&Some&
centralized&agents&are&
included.&&

1CtoC1&relationship&of&
physcial&agents&to&
resources.

9 Fulfilled. Fulfilled.

The&use&of&centralized&
decisionCmaking&causes&
local&information&to&be&
centralized.&

The&use&of&centralized&
decisionCmaking&causes&
local&information&to&be&
centralized.&

Fulfilled.

The&use&of&centralized&
decisionCmaking&causes&
local&information&to&be&
centralized.&

The&use&of&centralized&
decisionCmaking&causes&
local&information&to&be&
centralized.&

The&use&of&centralized&
decisionCmaking&causes&
local&information&to&be&
centralized.&
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IEC61850/61499&are&used&
with&function&blocks.&Does&
not&consider&FIPAC
compliant&agents.

Matlab&simevents&is&used&
for&the&development&of&
MAS.&&Not&FIPA&compliant.&

FIPA&Compliant&JADE&
Agents

FIPA&Compliant&JADE&
Agents

FIPA&Compliant&JADE&
Agents

Matlab&is&used&for&the&
development&of&MAS.&&
Not&FIPA&compliant.&

FIPA&Compliant&JADE&
Agents

FIPA&Compliant&JADE&
Agents

11
SimPower&Systems&Model&
but&specifics&are&not&
mentioned.&&

Physical&model&of&a&DC&
grid&implemented&in&
simulink.&

RealCTime&Digital&
Simulator/Power&World&
Simulator&as&physical&
model.

SmallCsignal&stability&
model&implemented&in&
Matlab.&

RealCtime&diesel&
generator&included.

Physical&model&of&system&
implemented&in&Matlab

Physical&system&model&of&
implemented&in&
Matlab/Simulink&w/o&
specifices.&

Transient&stability&
physical&model&
implemented&in&Matlab.&

12

Function&blocks&are&
intended&as&realCtime&
execution&agent&for&fast&
switching&decisions.&&

None&present. None&present.
fCV&and&PCQ&controls&
implemented&as&realCtime&
execution&agents.&

Governor&control&
implemented&as&realCtime&
execution&agent.

Voltage&and&PQ&control&
implemented&as&realCtime&
execution&agents.

None&present.

Automatic&Generation&
Control&&&Automatic&
Voltage&Regulators&
implemented&realCtime&
execution&agents.&

13
Slower&timescales&are&not&
considered

Coordination&agents&
address&energyC
management&
functionality.&&

Coordination&agents&
address&energyC
management&
functionality.&&

Middle&level&coordination&
and&high&level&energy&
management&agents&
address&balancing&and&
voltage&control&operation

Coordination&agents&
address&energyC
management&
functionality.&&

Central&agent&address&
black&start&service.

Central&agent&addresses&
restoration&service.

Coordination&agents&
address&energyC
management&
functionality.&&

14
Since&only&one&time&scale&
is&considered,&functionC
block&layer&is&flat.&

Since&only&one&time&scale&
is&considered,&agent&
architecture&is&flat.&

Energy&management&is&
considered&for&the&dayC
ahead&and&realCtime&
markets.&&Power&grid&
dynamics&are&not.&&

Three&layer&agent&
hierarchy&devoted&realC
time&frequency&control,&
voltage&coordination&and&
energy&management.&&

Two&layer&control&
hierarchy:&energy&
management&&&realCtime&
frequency&control.

Two&layer&control&
hierarchy:&black&start&
coordination&&&realCtime&
control.&&

Since&only&one&time&scale&
is&considered,&functionC
block&layer&is&flat.&

Two&layer&control&
hierarchy:&energy&
management&&&realCtime&
control.
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Fig. 3. Adherence of Existing MAS Implementations to Design Principles
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control funcƟon. Thus as new enterprise control techniques are developed, they can be incorporated into the exisƟng
Enterprise Control SimulaƟon so that the effects of these control techniques can be rigorously evaluated against a status quo
of power grid operaƟon. This can be achieved because each of the enterprise control layers and the component funcƟons in
Figure 3 are modular. Thus, they can be operated together or individually or incorporate new decision-making and control
funcƟonality. As will be discussed in greater detail in their respecƟve secƟons, the remaining research tracks will exploit this
modular architecture to address the evolving nature of the future smart grid. These include:

• New enterprise control strategies for the integraƟon of renewable energy (Track 2)

• New enterprise control strategies for the integraƟon of energy storage and demand side resources (Track 3)

• InvesƟgaƟons into the number and role of each enterprise control layer (Track 4)

• The degree of centralizaƟon and distribuƟon in each enterprise control layer (Track 5)

• Enterprise control under normal, perturbed, emergency and manual operaƟng modes. (Track 5)

The last of these is parƟcularly important as it is oŌen neglected that a single conƟngency can be sufficient for independent
systemoperators to enƟrely suspendmarket operaƟon [52] and resort tomanual operaƟon. Therefore, from the perspecƟve
of resilience to potenƟally cascading failures it is important to consider the definiƟon of these differentmodes andwhat type
of acƟon should be taken in each. While this work is of parƟcular internaƟonal significance as power grids incorporate high
penetraƟons of renewable energy and demand side resources, it is also of direct relevance in Kuwait as normal operaƟon
oŌen relies on manual off-cost dispatching techniques.

Returning to the subject of resilience of power grid operaƟon, the enterprise control simulator accepts any one of a
number of tradiƟonal models of the physical power grid. This includes power flow analysis, frequency stability, small-signal
stability analysis, and transient stability models. The power flow analysis model has been applied in the evaluaƟon of power
system reserves [2--5]. In the meanƟme, the frequency stability and small-signal analysis models are meant to confirm
adherence to frequency deviaƟons. Finally, we have applied the transient stability model in the case of a variable power
grid topology [6,26]. Figure 4a and 4b shows a transient stability test case [53] where the Ɵme domain simulaƟon of a 6-bus,
3-synchronous machine power system has a fault at 0.1 seconds which is cleared in 0.58 and 0.59 seconds respecƟvely. In
the former case, the system returns to equilibrium while in the laƩer it does not.

(a) Time Domain SimulaƟon w/ 0.58s Fault Clearing Time [53] (b) Time Domain SimulaƟon w/ 0.59s Fault Clearing Time [53]

Figure 4: 6-Bus, 3-synchronous machine power system test case

Time domain numerical simulaƟon of power systems of variable topology is recognized as a challenging problem, and
most power system engineers conservaƟvely rely on off-the-shelf simulaƟon soŌware (e.g PSS/E, PSCAD) for this purpose.
Such a choice, however, prematurely confines the scope of enquiry to that of the soŌware's funcƟonality; thus eliminaƟng
invesƟgaƟon into the power system's full enterprise control. Other power system engineering researchers have opted to
implement their own differenƟal algebraic equaƟon (DAE) solvers [54]. Our team, instead recognizes the well-established
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